Introduction
Greenhouse gas emissions are having a noticeable effect on the global climate, and if the current trend continues, there could be significant economic, environmental and social implications in the future. Of the six greenhouse gases (H 2 O, CO 2 , CH 4 , N 2 O, O 3 and CFCs) covered in the Kyoto protocol, CO 2 is the key contributor posing a significant threat. [1] It is widely known that the majority of the CO 2 emissions originate from the iron and steel industry, where iron oxides are converted to molten iron in a blast furnace, emitting vast quantities of CO 2 and carbon monoxide (CO), which are known as blast furnace gases. The total world steel production is in excess of 10,000 billion tons. On average, the steel industry produces around 1.9 tons of CO 2 per ton of steel produced. [2] Whilst there are many studies on the capture and storage of CO 2 , [3] it is more desirable to convert CO 2 into a value added commodity or chemical feed-stock.
Carbon nanotubes (CNTs) have recently been used in many diverse applications such as sensors, [4] ceramics, [5] filters and membranes, [6] catalysis [7] and energy storage devices, [8] [9] [10] . If the CO 2 and CO from the waste blast furnace gases could be utilized as the carbon source for CNT growth, it will be an economically viable process and a sustainable technology. The fact that billions of tons of blast furnace gases (which have 'no value' or 'negative value') are produced every year makes its conversion to CNTs highly appealing, considering that the current global CNT market is worth over 5 billion USD with an expected annual increase of 12% over the next few years. [11, 12] There are very few reports on the use of CO as the main carbon source for synthesis of carbon nanotubes. [13] [14] [15] [16] Whilst CO is usually present in many CVD gas mixtures for synthesis of CNTs, its role is that of a reducing agent rather than the main source of carbon. However, reduction of CO 2 to carbon is more difficult and challenging because it is a kinetically and thermodynamically stable molecule, [17] nevertheless, it has been used to grow CNTs by other methods. [18] [19] [20] [21] . To the best of Fig. 1 Experimental setup for CVD of blast furnace gas to produce CNTs. our knowledge, there are no reports on the growth of carbon nanotubes from waste blast furnace gases.
In this study, we report the growth of CNTs on steel substrates at atmospheric pressure using gas mixtures that closely resemble that of the waste blast furnace gases. We believe that in our process, the steel substrate acts as the catalyst for the growth of CNTs as reported by Gaikwad et al. recently. [22] From the end user view point, growth of CNTs directly on to steel substrates is very attractive as they have direct applications as electrodes in Li-ion batteries, supercapacitors and bipolar plates in fuel cells, [8] [9] [10] 23] . It was found that the CNTs have only grown at the front end of the steel substrate where the density is just high enough to provide a sufficient collision frequency of the carbon source molecules with the steel substrate. To validate this hypothesis, CFD simulations were conducted in order to determine the flow and temperature profiles within the tube furnace. The simulations have indicated that at the front end of the tube where the CNT growth has taken place, the temperature and hence the density of the gas varies significantly, suggesting that it could be the main reason for the CNT coating to occur.
Experimental
2.1 Sample preparation by CVD of blast furnace gas over a steel substrate
The cold rolled steel substrates (Q-panel) were cut in to 100×15 mm sized strips and were ultrasonically cleaned in isopropanol and acetone for 15 mins prior to the growth to remove any grease from the surface. The strip was then placed in a quartz tube inside a tube furnace.
One end of the quartz tube was connected to a gas bubbler filled with water; the other end was connected to a three-way switch valve which linked a nitrogen cylinder and a cylinder containing a gas mixture which mimics the blast furnace gas (composition: H 2 : 3.785%, CO: 25.79%, CO 2 : 23.65%, N 2 : 45.78% and He: 0.998%). The composition of the gases was confirmed by gas chromatography. The CNT growth setup is shown in figure 1 . First, the quartz tube was purged with N 2 at a flow rate of 800 ml/min for 15 mins, and then the furnace was heated whilst maintaining the N 2 purging. When the desired furnace set temperature (825°C) was reached, the gas flow was switched to the blast furnace gas mixture at a flow rate of 250 ml/min and was maintained for 30 mins. Once the deposition was completed, the gas flow was switched back to the nitrogen flow and the furnace was allowed to cool down to room temperature.
Instrumentation
Carbon coated steel samples were characterised by Raman spectroscopy, FEGSEM and TEM. Raman spectroscopy was carried out using a HORIBA Jobin Yvon LabRAM HR (with 632.8 nm He-Ne laser) Raman spectrophotometer. The spectrum was recorded in the range of 100-3100 cm −1 . The surface morphology of the steel samples was studied using a Leo 1530 VP field emission gun scanning electron microscope (FEGSEM) at an accelerating voltage of 5 kV and a working distance of 5 mm. TEM images were taken using a JEOL JEM -2000FX TEM. For TEM, the sample was prepared by scraping the carbon nanotubes from the steel substrate, and then suspending in ethanol. The suspension was sonicated for 30 mins and then the Cu TEM grid was www.crt-journal.org 
Computational Modelling
The computation modelling was carried out to understand the flow field and the temperature distribution within the furnace tube where CNT growth had taken place. This has provided an insight into the CNT deposition process and in-depth understanding of growth conditions inside the heating chamber of the furnace.
Computational Geometry
The computational geometry includes the furnace tube, glass fittings at each end and connection tubes at the inlet and outlet. The extension of the computational geometry beyond the furnace tube avoided end effects due to sudden expansion and contraction at the gas at either end. The computational domain used for the simulations is shown in figure 3 . To simplify the problem, we have not included the steel strip used for CNT deposition as in the CNT growth experiments. This allowed the computational geometry to be axisymmetric reducing computational time significantly but enabling to understand the growth in detail. Fig. 3 The computational geometry of the furnace tube and connections. All dimensions are in mm and in correlation with figure 2.
Governing Equations
The optimum flow rate for CNT deposition was found to be 0.25 SLPM which corresponds to a Reynolds number of approximately 20. The governing equations are the continuity and incompressible Navier-Stokes equations for laminar flow fully coupled with heat equation for heat transfer. The temperature dependence of the fluid properties (i.e. density and viscosity) of the gas mixture provided by EffecTech Ltd. was incorporated in to the model using algebraic equations. The problem was solved in dimensional form at steady state. The fluid flow equations were specified as follows:
where u, p, I , ρ and η denotes the velocity field, pressure, identity matrix, density and dynamic viscosity respectively. The heat equation is given by
where T, C p and k denotes temperature, heat capacity at constant pressure and thermal conductivity of the fluid respectively.
Boundary Conditions
The boundary conditions for the fluid flow were set as follows: (i) no slip boundary conditions on the glass walls; (ii) normal gas velocity corresponding to the volumetric flow rate at the inlet; (iii) pressure boundary condition at the outlet. For the heat transfer boundary conditions: (iv) inlet gas temperature was set to ambient temperature; (v) outlet boundary conditions were set as −n.(−k∇T ) = 0 (vi) The internal surface temperature of the furnace tube was set according to White and King (2009) , considering the cooling effects at the entrance due to gas flow. An additional simulation was carried out with a symmetric temperature profile provided by the manufacturer (for a stationary fluid inside the tube).
Numerical Method
The problem was solved using a commercial finite element code -Comsol Multiphysics TM 5.0. Meshindependent solutions were obtained with 196484 triangular elements and confirmed using a higher mesh density of 650972 elements. The number of degrees of freedom (DOFs) solved for was 423220. The total simulation time was approximately 38 s on an Intel Core i7 64-bit 2.7 GHz processor.
Results and discussion
An image of the sample prepared by CVD of the blast furnace is shown in figure 4 . Notably, the CNT growth has only taken place on the steel substrate, and no deposition was observed on the quartz tube. This suggested that the steel itself may be acting as the catalyst for CNT growth when the blast furnace gas is used as the carbon source. A recent study has shown that steel can act as the catalyst for CNT growth, as it contains elements such as Fe, Co, Ni etc, which are all known to catalyse Fig. 4 Image of steel after chemical vapour deposition of blast furnace gas at a furnace temperature of 825°C and gas flow rate of 250 ml/min for 30 mins.
CNT growth. [22] The ability to grow CNTs on the steel surface eliminates the need of purposely designed expensive catalysts and simplifies the CNT growth significantly compared to the methods reported previously. [10, 22] In terms of low-cost CNT production at manufacturing scale, this is a key finding as steel is widely available at low-cost and is robust and stable. As illustrated by the image of the steel substrate in figure 4 , only the substrate end which was closest to the gas inlet nozzle was coated with carbon. The area of black carbon coating was approximately 20×15 mm (i.e. along a 20 mm section from the leading edge). It was initially thought that the deposition of carbon took place only at the front end of steel strip due to the temperature gradient at the entrance to the tube furnace (which can drop by ß25°C at either end of the furnace compared to that of at the center, according to the operational temperature profile provided by the furnace manufacturer Carbolite Ltd). [24] However, further experiments conducted by repeating the process at lower and higher temperatures by steps of 25°C from the set temperature of 825°C did not show any notable changes in the position of the carbon layer. A recent study has shown that the cooling effect from precursor gas flow (which is essentially at room temperature before it enters the heated chamber) can result in a steep temperature gradient from the center to the leading edge of the tube furnace which can be in the order of a few hundred degrees within few centimeters distance. [25] Therefore, it is possible that the CNTs have only grown at the front end of the steel substrate where the density is just high enough to provide a sufficient collision frequency of CO 2 molecules with the steel substrate. As the flue gas flows towards the middle section of the furnace, the gas can expand significantly under the increasing temperature thereby reducing the contact probability of carbon source gas molecules with the steel substrate. To validate this hypothesis, CFD simulations were conducted in order to determine the flow and temperature profiles within the tube furnace. These profiles, with and without taking into account the cooling effect of the gas flow, are shown in the figures 5 and 6, respectively. (d) show the simulated density, pressure and temperature profiles, respectively, inside the tube when the furnace was set to 825°C, taking into account the temperature uniformity profile of the tube furnace. These are the profiles without taking into account the cooling effect of the gas flow. The red arrows indicate the direct of the gas flow (250 ml/min), and the black bars represent the area in which the CNT growth takes place.
The simulations show that in the region where the CNT growth took place (along the first 20 mm of strip at the front end of the tube), the temperature and hence the density of the gas varies significantly, suggesting that it could be the main reason for the CNT coating to occur only at the front end. As the CVD was carried out at atmospheric pressure, we believe that coating on the entire steel substrate may be achieved at an elevated pressure, in which the density of the carbon source can be maintained at sufficiently high levels to achieve CNT growth; however, such a study is beyond the scope of present work.
The morphological properties of carbon coating were studied by SEM and TEM which are shown in figures 7 and 8, respectively. It can be seen that CNTs adopt a highly random and entangled morphology on the steel substrate. The CNTs have a relatively low density with large voids. Based on the TEM images, it is evident that Fig. 6 (a) schematic diagram of the quartz tube used for the CNT growth from the blast furnace gas, indicating the size and position of the steel and CNT coating. (b), (c) and (d) show the simulated density, pressure and temperature profiles, respectively, inside the tube when the furnace was set to 825°C, taking into account the temperature uniformity profile of the tube furnace, as well as the cooling effect of the gas flow. The red arrows indicate the direct of the gas flow (250 ml/min), and the black bars represent the area in which the CNT growth takes place.
the CNTs are multi-walled, with the number of walls ranging from 7 to 14. The carbon coated steel was characterized by Raman spectroscopy, the spectrum is shown in figure 9 . Typically there are four main features in the Raman spectra of a carbon nanotube samples -the radial breathing mode (RBM) region, the D-band, the G-band and the G'-band. The D band arises due to defects, the G band is due to the in-plane vibration of graphite and the G' band is a second order harmonic of the G band. Typically, RBMs are only observed for single-walled carbon nanotubes (SWCNTs) as RBMs cannot be detected for tube diameters >2 nm, therefore the signal for the outer wall in MWCNTs is too weak to be detected and the signal for the inner tubes is too broad. [26] The ratio of the D/G band intensities gives an indication of the quality of the carbon nanotubes. From observation of the Raman spectrum it is apparent that the CNTs are high in defects with the ratio of D/G in the range of 1.90. Also, surprisingly, the presences of three RBM peaks are observed at 215, 275 and 383 cm −1 . Some previous reports have argued that the presence of RBMs in MWCNTs can be due to the vibration of the atoms of the inner shell of the MWCNT; [27, 28] however, this is unlikely in our case as the diameters of the inner walls of the CNTs by this method are in the order of 5 nm or larger. Gupta et al. have shown that the presence of SWCNTs inside the cavity of MWCNTs can give RBM peaks, which was the first report of such evidence. [29] Further analysis of figure 8b identified that there are in fact SWCNTs inside the cavity of the MWCNT, therefore this is the most likely reason for the presence of RBMs in the Raman spectrum of our samples. The middle region of the steel strip which appeared to be uncoated with carbon had turned to a purple color (figure 4). This area was also analyzed by Raman spectroscopy to determine if the nature of the steel surface had been changed during the CVD process. The Raman spectrum is shown in figure 10 . It was found that Raman spectrum of this purple region matched the Raman spectrum of magnetite, Fe 3 O 4 , giving peaks at 304, 520 and 660 cm −1 .
www.crt-journal.org Fig. 9 Raman spectrum of CNTs on the steel substrate after 30 mins of CVD of blast furnace gas. Fig. 10 Raman spectrum of the purple region of the steel strip after CVD of blast furnace gas mixtures at 825°C at a flow rate of 250 ml/min for 30 mins. Fig. 11 Raman spectrum for shiney grey coating on steel after CVD of pure CO 2 at 825°C at a flow rate of 250 ml/min for 30 mins.
Also, a control experiment was conducted using pure CO 2 under the same experimental conditions in order to establish whether CNT growth takes place when pure CO 2 is used as the carbon source. There was no CNT growth indicating that the CO and H 2 are necessary in facilitating the reducing atmosphere necessary for the growth; [30] typical blast furnace gases contain these component gases. Interestingly, when pure CO 2 was used, the surface of the steel turned to a shiny grey color. The surface of steel strips used for controlled experiment was investigated by Raman spectroscopy and it matched well with the spectrum for magnetite as shown in figure 11 .
Conclusions
Our studies demonstrate that waste and environmental pollutant blast furnace gases from the iron and steel industry, which consist mainly of CO 2 , CO, N 2 and H 2 , can directly be used to grow CNTs on steel substrates at 825°C and atmospheric pressure with no modification to the gas composition. The CNT growth only took place on one end of the steel substrate. Computational modelling confirmed that the reason for this was due to a rapid decrease in the gas density as it travels further into the heated tube. The steel itself acts as the catalyst (in addition to facilitating as the substrate) for CNT growth. This eliminates the need of purposely designed catalysts and simplifies the CNT growth significantly compared to the methods reported previously. The CNTs can be removed from the steel substrate, purified and then be directly used in an appropriate application. The steel substrates can also be reused. The method is potentially scalable for low-cost CNT production targeting a range of applications in which CNTs are currently in high demand. Alternatively, the CNT coated steel substrates can also be directly used as electrodes for electrochemical energy storage devices such as batteries or supercapacitors or as bipolar plates for fuel cells. [8, 9, 23, [31] [32] [33] . In general, our findings show that waste blast furnace gas, which is a key contributor to environmental pollution, can be successfully utilized for the production of commercially valuable materials and bring wider benefits (i.e. economic, environmental, social, political) to the society.
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